A kinetic study showed that the Pb(II) sorption followed a second order kinetic model.
INTRODUCTION
Removal and recovery of heavy metal ions from wastewater has become an important research area due to their toxicity to many forms of life. Pb(II) ion is among hazardous materials that are most commonly found in industrial wastewater. The metal has many different uses such as in the production of batteries, ammunition, solder, some brass and bronze products, and ceramic glazes. Lead causes plant and animal death as well as anemia, encephalopathy, cognitive impairment, brain damage, mental deficiency, anorexia, kidney damage, behavioural disturbances, vomiting and malaise in humans (ATSDR 1999) . US Environmental Protection Agency standard for lead in wastewater and drinking water is 0.5 and 0.05 mg L 21 , respectively (Gupta & Rastogi 2008) .
Methods that have been used to remove toxic metals from aqueous solutions include chemical precipitation, ion exchange (Badawy et al. 2009 ) and adsorption (Patnukao et al. 2008) . One of the drawbacks of these methods of remediation is their costs involved (Babel & Kurniawan 2003) . Conventional methods for the removal of heavy metals from wastewaters, are often cost prohibitive and having inadequate efficiencies at low metal concentrations, particularly in the range of 1 -100 mg/L (Sud et al. 2008) . For this reason, low cost adsorbents such as plant waste materials have been evaluated by many researchers for the removal of heavy metals from aqueous solutions ( Johnson et al. 2008) .
Oil palm is an important economic plants of Malaysia, and the oil palm empty fruit bunch (OPEFB) is one of the biomass wastes of the oil palm industry (Law et al. 2007) . Therefore, the application of OPEFB for added-value purposes such as sorption of heavy metals is worth exploring. However native OPEFB that contains about 70% cellulose and lignin generally have limited amount of carboxyl and other functional groups which could form chelate with metal ions (Salamatinia et al. 2007) . Hence, the fiber has to be functionalized by appropriate chelating functional groups before it can be used effectively to adsorb heavy metals (Nada et al. 2007) . In this research, the OPEFB was functionalized with the hydroxamic acid chelating group, which is known to form a complex with Pb(II) (Batka & Farkas 2006) . Batch experiments were carried out to study the sorption of Pb(II) from aqueous solution on hydroxamic acid functionalized OPEFB. doi: 10.2166/wst.2011.197 Parameters investigated included pH, initial metal concentration, temperature, and various kinetic parameters.
EXPERIMENTAL Materials
OPEFB fiber was obtained from Sabutek Sdn. Bhd., Malaysia. The OPFB obtained was ground to 100 to 200 mm and washed with hot water and then with acetone to remove oily matter from the fiber. It was then dried in an oven at 608C to constant weight. Methyl acrylate (MA) monomer, purity more than 99% was purchased from Fluka Chemie, Switzerland and purified by passing through a glass column packed with 20 cm height activated alumina (BDH). Hydroxylamine hydrochloride and lead nitrate were purchased from Fluka.
Methods

Preparation of the adsorbent
Preparation of PHA grafted OPEFB was performed in two stages as described elsewhere (Haron et al. 2009 ). For OPEFB grafting, about 30 g of OPEFB and 500 mL distilled water were placed in a four-neck flask, which was equipped with a mechanical stirrer, nitrogen gas inlet, and condenser. To maintain an inert atmosphere, a flow of nitrogen gas was bubbled through the mixture for about 20 minutes and throughout the grafting procedure. Radical sites on the fiber were created with addition of 20 mL of hydrogen peroxide and stirred continuously for 10 minutes. About 1.6 g of ferrous ammonium sulfate was then added into the flask. After continuous stirring for another 10 minutes, 50 mL of methyl acrylate monomer was added. After stirring for 2 h, the polymerization product was filtered, washed several times with distilled water, and dried in an oven at 608C to a constant weight. The dried grafted product was extracted with acetone using a Soxhlet extractor for 24 hours to remove the ungrafted poly(methyl acrylate). The purified grafted fiber (PMA-g-OPEFB) was dried in an oven at 608C to a constant weight.
For preparation of poly hydroxamic acid (PHA) grafted OPEFB, 10.0 g of hydroxylamine hydrochloride was dissolved in 150 mL methanolic solution (methanol: water; 5:1). The pH of the mixture was adjusted to pH 13 by addition of 1 M sodium hydroxide solution. About 10.0 g of PMA-g-OPEFB was placed in a two-neck round bottom flask, which was equipped with a mechanical stirrer and condenser. Then, 150 mL hydroxylamine solution was added into the flask. The reaction was carried out at 758C for 2 hr. The product was washed several times with methanolic solution (methanol: water; 4:1) before treated with 100 mL of methanolic solution of 0.2 M HCl. Finally, the fiber product was filtered and washed several times with methanolic solution and dried at 608C to constant weight.
Sorption capacity of Pb(II) by PHA-OPEFB Exactly 1.00 mL of 5,000 ppm Pb(II) solution was pipetted into a series of 25 mL volumetric flasks. The pH of the metal solutions was adjusted to pH 2 and 3 with HCl solution and to pH 4 and 5 with 0.1 M sodium acetate buffer. The solution was diluted to 25 mL with distilled water. Twenty mL of the solution was transferred into a 30 mL Nalgene polycarbonated centrifuge tubes that contained about 0.1 g PHA-OPEFB fiber. The remaining 5 mL of the solution was used for determination of Pb(II) initial concentration. The mixture of Pb(II) solution and PHA-OPEFB in the polycarbonated tube was shaken on a Hotech rotary shaker for about 16 hours. After equilibration, the fiber was filtered, and the filtrate was analysed for Pb(II) concentration. The initial and the equilibrium metal ion concentrations were determined by inductive coupled plasma atomic emission spectrometry (ICP-AES, Perkin Elmer 1000). The experiments were repeated for unmodified OPEFB. All sorption experiments were done in three replicates, and only the results of concentrations with relative standard deviation of below 10% were recorded. Sorption capacity was calculated as mg of metal ion sorbed per gram sorbent as below:
where q (mg g 21 ) is the amount of metal ion sorbed; C 0 and 
RESULTS AND DISCUSSION
Effect of pH on Pb(II) sorption
The pH of the aqueous solution is an important controlling parameter in many sorption processes (Ho 2005) . Sorption of Pb(II) onto PHA-OPEFB as a function of pH is shown in Figure 1 . It can be seen that the sorption capacity of the metal ion by PHA-OPEFB was clearly affected by the pH. The sorption capacity was low at pH 2 and increased as the pH increased to a maximum at pH 5.0. A similar trend of sorption was reported by Rao et al. (2005) using synthetic polymer base poly(hydroxamic acid) resin. Figure 1 also shows that the sorption capacity of Pb(II) by unmodified OPEFB was much lower compared to PHA-OPEFB. The results confirmed that the sorption capacity of metal ion by OPEFB increases after functionalized with a chelating group such as hydroxamic acid. The low sorption of Pb(II) by PHA-OPEFB at pH 1.0 could be due to the fact that there are more protons at lower pH available to protonate the active groups of the OPEFB surface, and compete with metal ions in the solution. At higher pH values, a greater number of deprotonated hydroxamic functional groups resulted in greater metal ion sorption. Accordingly the pH in subsequent experiments was controlled at pH 5.0.
Effect of contact time and temperature
The effect of agitation time on sorption of Pb(II) by PHA-OPEFB at 25, 50 and 708C was studied between 0 -24 h (Figure 2) . In general, a two-stage kinetic behavior is observed: first, a rapid initial sorption, followed by a second stage of lower sorption rate when approaching equilibrium at about 8 h. Accordingly an 8 h agitation time was used for further sorption experiments. In order to investigate the mechanism of sorption, two kinetic models, a pseudofirst-order and pseudo-second-order were used. The equation for pseudo-first-order rate model can be written as (Ho et al. 2004) :
where q t (mg g 21 ) and q e (mg g 21 ) are the amounts of sorbate on sorbent at time t (min) and at equilibrium, respectively, and k 1 is the first-order kinetic rate constant. The parameters k 1 and q e can be determined from the slope (Krishnan & Anirudhan 2003) . Figure 3 presents the experimental sorption isotherms of Pb(II) on PHA-OPEFB. It can be seen that q e increases initially with an increase of Pb(II) initial concentration until equilibrium is reached, thereafter q e remains constant with further increase of initial concentration. Langmuir and Freundlich models were used to describe the equilibrium sorption isotherms (Araujo et al. 2007) . The Langmuir isotherm assumes monolayer coverage of sorbate over a homogeneous sorbent surface, and the sorption of each ion on the surface has equal adsorption activation energy. On the other hand, the Freundlich isotherm supposes a heterogeneous surface with a nonuniform distribution of energy of sorption over the surface, and a multilayer sorption can be assumed. The amount of Pb(II) sorbed q e (mg g 21 ) at an equilibrium metal concentration of C e (mg L 21 ) can be related by the Langmuir equation as:
Effect of initial Pb(II) concentration and sorption isotherms
where q max is the theoretical monolayer saturation capacity (mg g 21 ), and K L is the sorption constant (L mg 21 ) that relates to the affinity of the binding sites. The plot of C e /q e versus C e gave a straight line (not shown; r 2 ¼ 0.999) with slope of 1/q max and intercept of 1/q max b. The Freundlich equation can be expressed as:
where K F and 1/n are Freundlich isotherm constants related to sorption capacity and intensity of sorption, respectively. A plot of log q e versus log C e gave a straight line (not shown; r 2 ¼ 0.703) with the slope of 1/n and intercept of K F .
The Langmuir and Freundlich constants evaluated from the isotherms with the correlation coefficients are listed in Table 2 . The results show that the equilibrium data agreed well to the Langmuir model, with a high coefficient of determination, r 2 . The maximum monolayer capacity q max was found to be 125.0 mg/g. The value of the Freundlich constant, 1/n obtained indicates favorable sorption, since it lies between 0 and 1. A comparison of the maximum sorption capacity of PHA-OPFB with other acid treated natural fibers reported in literatures is given in Table 3 . The data show that the sorption capacity of PHA-OPEFB temperature. The changes of standard free energy for the sorption were in the range between 2 20 and 2 80 kJ/mol, indicating that the sorption could be a mixture of physical and chemical sorption processes (Yu et al. 2001) .
CONCLUSIONS
Sorption of Pb(II) by PHA-OPEFB was increased from pH 2 to 5 and was higher compared to ungrafted OPEFB. The sorption of Pb(II) followed the second order kinetic and the Langmuir isotherm models with maximum capacities of 125.0 mg g 21 at 258C. The sorption process was exothermic as shown by the negative value of enthalpy change, DH 0 . The free energy change (DG 0 ) for the sorption was negative, showing that the sorption process is spontaneous. The PHA-OPEFB has a potential to be used as sorbent for removal of Pb(II) from aqueous systems. However the competitive effect of other cations co-existed in wastewater samples need to be further studied. 
